Background and aims Cardiovascular co-morbidities are prevalent after stroke, with heart disease, hypertension and impaired glucose tolerance present in the majority of cases. Exercise has the potential to mediate cardiovascular risk factors commonly present in people with stroke. This singleblinded randomized controlled trial compared the effects of high versus low intensity exercise on fitness, cardiovascular risk factors, and cardiac function after stroke. Methods Fifty participants (age 50-80 y, >1 y post-stroke) were randomized to a high-intensity Aerobic Exercise (AE) or low-intensity non-aerobic Balance/Flexibility (BF) program (6 months, 3 60-min sessions/week). Outcomes assessed by VO2peak (primary outcome), arterial stiffness, ambulatory capacity, hemodynamics and cardiac function using echocardiography, and lipid, glucose and homocysteine levels. Assessors were blinded to group allocation. Results Twenty-three (92%) of 25 AE group participants (withdrawals unrelated to the intervention) and all BF group participants completed the program. One BF group participant experienced 2 non-injurious falls during class. No other adverse events occurred. There were no changes in VO2peak in either group (AE 16·9 ± 7 to 17·4 ± 7 ml•kg −1 •min −1 vs. ± 6 to 16·6 ± 5 ml•kg −1 •min −1 , P = 0·45) , but AE group demonstrated greater improvement in right atrial emptying fraction (AE 30 ± 22 to 37 ± 22% vs. BF 35 ± 20 to 31 ± 20%,  P = 0·04) . Both groups demonstrated improvements in lipid profiles, glucose and homocysteine levels, and ambulatory capacity (P < 0·04). Conclusions This was the first study to examine the effects of aerobic exercise after stroke on cardiovascular hemodynamics. High-intensity exercise improved right-sided function and early myocardial relaxation. Low-intensity exercise may also benefit plasma lipid, glucose and inflammatory markers, and ambulatory capacity. This study is an important step towards understanding mechanisms by which exercise may reduce cardiovascular risk and function.
Introduction
After stroke, the 5-and 10-year rates for recurrent events are 26% and 40%, respectively (1) . Cardiovascular co-morbidities are highly prevalent, with 75% with heart disease, 84% with hypertension (2) , and 80% with impaired glucose tolerance and type 2 diabetes mellitus (3) . Exercise and increased physical activity levels are potentially effective strategies in mediating cardiovascular risk. Low aerobic capacity is associated with indices of poor cardiovascular health, including mortality (4), inflammatory processes, and left ventricular dysfunction (5) , and exercise interventions in older adults and high-risk groups are effective in improving lipoprotein levels (6, 7) , glucose control (8) , and arterial stiffness (9) .
For individuals with stroke, there are unique challenges to implementing exercise programs, particularly in elevating heart rate (HR) in the presence of neuromotor impairments. The ability to achieve high heart rates during exercise was associated with leg impairment and cognitive function after stroke (10) . While poststroke exercise interventions can improve aerobic capacity and walking (11) , measuring these outcomes are dependent on performing a physical task (e.g. walking, pedaling). The effects of post-stroke exercise training on cardiovascular risk factors are not clear, as some studies have demonstrated improved insulin sensitivity (3) , and lower systolic blood pressure (BP) (12) and resting HR (13) , while others have reported no changes in BP, HR (14, 15) , or lipid profiles (15) . Moreover, no previous study has focused on the effects of post-stroke exercise on measures of arterial stiffness or cardiac structure and function, yet hemodynamic changes may represent early measurable improvement in cardiovascular function. By directly assessing cardiovascular function and risk factors, we may better understand the physiological mechanisms underlying post-stroke exercise, and potential impact on future event risk.
Aims and hypotheses
This study aimed to compare the effects of two 6-month stroke exercise programs (low and high intensity) on fitness and cardiovascular risk factors, including novel measures of cardiac hemodynamics and structure. Based on results of previous stroke exercise trials, it was hypothesized that greater improvements would be observed in aerobic capacity and ambulatory capacity (11, 16) , lipid profiles and glucose tolerance (3, 12) following aerobic exercise (high intensity), relative to balance and flexibility exercises (low intensity). No previous exercise intervention studies have included novel outcomes related to arterial stiffness, hemodynamics and cardiac function in individuals with stroke, but extrapolating from previously established associations between endurance training and exercise capacity with cardiac function, it was anticipated that higher intensity exercise would have greater benefit to left ventricular function (17, 18) relative to lower intensity training.
Methods
This was a prospective single-blind randomized controlled trial with concealed allocation and intention-to-treat analysis. The study was approved by the University of British Columbia Clinical Research Ethics Board in May 2010. All participants provided informed written consent.
Participants
Eligible participants were 50-80 years old, >1 year post-stroke, completed stroke rehabilitation, living in the community, and able to walk 5 meters independently with or without assistive devices. Exclusion criteria included: stroke from aneurysm, tumor, or infection, presence of cardiovascular abnormalities, pacemaker, serious musculoskeletal or other conditions that would preclude participation in exercise. Two study coordinators performed eligibility screening and enrollment.
Randomization
Participants were randomly allocated into a 6-month highintensity Aerobic Exercise (AE) or low-intensity Balance and Flexibility (BF) program. Participants were stratified according to age (<and ≥65 years old) and 6-Minute Walk Test (6MWT) distance (<and ≥300 meters). An independent person not involved in enrollment, screening or outcome assessment performed the randomization using a computer-generated 1:1 allocation sequence and permuted block sizes of 2 or 4. Blinded outcome assessors were used.
Interventions
All classes took place 3 times/week for 60 minutes in a multipurpose space at a research facility with 3 instructors for 12-13 participants. Exercise duration, type, and intensity, and occurrence of adverse events were recorded. HR monitors (Polar Electro Inc, Lake Success NY; Impact Sports Technologies, USA) or ratings of perceived exertion (RPE, 6-20 scale) (19) were used to monitor intensity. To minimize risk of contamination, the groups exercised at different times of the day.
Aerobic exercise (AE) program
Each session consisted of a 10-minute warm up, 30-40 minute aerobic component and 10-minute cool down. Training intensity was prescribed using %HR reserve = [(peak HR-resting HR) × % + resting HR], and peak HR was determined from the exercise test. RPE was maintained between 11-14. Intensity progressed from 40% to 70-80% HRR by increasing 10% HRR every 4 weeks (20) . If needed, sessions were divided into 10-minute bouts and increased by 5 minutes/week to 30 minutes of continuous exercise. Training modalities included brisk level and inclined overground walking, upright and recumbent cycle ergometry, and non-traditional forms of exercise utilizing functional movements, such as marching-on-the-spot, repeated sit-to-stand, and stepups onto platform steppers (20) . To ensure that sufficient aerobic stimulus was provided, target HR zones were adjusted midway through the intervention to use the highest values of the following methods: %HRR based on exercise test results, %HRR based on age-predicted maximum HR, or % of age-predicted maximum HR.
Balance and flexibility (BF) program
The BF program was designed to be non-aerobic in nature, with intensity <40% HRR. Stretching, weight bearing, postural awareness and balance exercises were performed. Participants progressed through increasingly challenging activities, but to minimize aerobic stimulus, any increase in cardiovascular effort was not sustained.
Assessments
Participant characteristics were recorded. The presence or past history of chronic conditions (such as high blood pressure, diabetes, heart or respiratory disease, arthritis, bladder and bower conditions) was collected via self-report. The National Institutes of Health Stroke Scale (21) characterized stroke severity (maximum 42). The Chedoke-McMaster Stroke Assessment (22) described limb motor impairment (maximum 14).
The following measures were performed before and after the intervention.
Primary outcome
Aerobic capacity. A graded maximal exercise test performed on a leg cycle ergometer (Excalibur, Lode Medical Technology, Groningen NL) was used to evaluate VO 2peak (20) . Breath-tobreath gas exchange was measured (ParvoMedics, Sandy UT), with continuous 12-lead electrocardiogram (CardioCard, Nasiff Associates, New York NY) monitoring. Tests were terminated according to published guidelines (23), or when pedaling fell below 45 revolutions/minute.
Secondary outcomes

Arterial stiffness
Pulse pressure, indicative of the cushioning capacity of the arterial system to minimize pulsatility, is an independent predictor of adverse cardiovascular outcomes (24) . Larger values indicate greater systemic stiffness. After 10 minutes quiet supine rest, two readings of brachial BP of the non-paretic side was measured (Dinamap, GE Healthcare, Buckinghamshire UK) and averaged.
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If values differed >5 mmHg, 2 more readings were done and the average taken across 4 readings (25) .
Ambulatory capacity
The 6MWT was designed to reflect the typical demands of everyday functional mobility (26) . Standardized instructions (26) were given to walk as far as possible in 6 minutes over a 30-meter square course, and distance covered was measured. The same gait aids were used at both time points.
Hemodynamics and cardiac function
Comprehensive 2D, Doppler, and tissue Doppler echocardiography assessments (iE33 Echocardiography System, Philips, Andover MA) were performed by experienced sonographers. Left ventricular ejection fraction was assessed using Simpson's biplane method of discs from apical 2-and 4-chamber long-axis views (27) . Left atrial (LA) and right atrial (RA) emptying fractions, global indices of left and right atrial function, were calculated as [Maximal -minimal volume indexed to body surface area (BSA)]/[Maximal volume indexed to BSA]. Left atrial volumes were determined by the standard criteria using biplane arealength method (27) , and right atrial volume measurements were obtained from apical 4-chamber views using the area-length method, indexed for BSA (right atrial volume = 0·85 × A 2 /L) (28) . Maximal right atrial volume was recorded immediately before atrio-ventricular valve opening, while minimal right atrial volume was determined at the onset of valve closure.
Doppler and tissue Doppler imaging were used to quantify diastolic function with early (E) and late (A) transmitral inflow velocities, and lateral mitral and tricuspid annular velocities (e'). Annular velocities are surrogate measures of ventricular relaxation (29) and correlate with VO2peak (30) . The addition of mitral annular velocity to standard clinical data provides incremental predictive power for the endpoint of cardiac mortality (31) , and tricuspid annular velocity is associated with mortality and adverse outcomes among individuals with heart failure (32) . Echocardiographic analyses were performed according to published guidelines (27, 33) .
Lipid, glucose and inflammatory biomarker levels
Following a 12-hour fast, plasma levels of total, high-(HDL) and low-density lipoprotein (LDL) cholesterol, triglycerides, glucose and homocysteine were collected on-site by a staff phlebotomist, and samples were analyzed by the hospital's laboratory services.
Statistical analysis
The study sample size was determined as n = 24 per group, based on a 10% change in aerobic capacity from 16·6 to 18·8 ml•kg −1 •min −1 (14) (two-tailed type I error 0·05; type II error 90%; SD 3).
Descriptive statistics were performed for all participant characteristics for each group. Intention-to-treat analysis was performed. Independent t-tests and chi-square tests were performed to determine group differences in baseline characteristics. Repeated-measures analyses of variance were used to determine time and group-time interaction effects. Due to known ageassociated changes in cardiovascular function (34) and sex differences in cardiovascular disease risk (35) , secondary analyses were performed with age and sex as covariates. Effect sizes were calculated and defined as small 0·2, medium 0·5 and large 0·8 (36) . Statistical Package for the Social Sciences (Version 17·0, Chicago IL) was used with a significance level of P < 0·05.
Results
The Fig. 1 describes the participant flow through the study. Recruitment took place July to October 2010. Fifty participants were randomized. The exercise programs were conducted October 2010 to April 2011. Baseline characteristics were similar between groups ( Table 1) . While National Institutes of Health Stroke Scale scores suggest that participants presented with mild severity of stroke, 6MWT distance was 60 ± 28·6% (37) and VO2peak was 53·7 ± 138% of normative values (23) . Class attendance was also similar, at 81·4% and 80% for the BF and AE groups, respectively. Exercise HR in the BF group was <16·8% HRR throughout the program, while AE group participants progressed to 58·1% HRR and RPE 14·2 by the end of the intervention.
Dropouts and adverse events
Three AE group participants discontinued the study for reasons unrelated to the training: pacemaker insertion (unrelated to study), hip fracture from fall at home, and episodes of angina (upon questioning, it was found that previous episodes of angina were not disclosed). These participants tended to have more chronic conditions compared to those who completed the AE program (6·0 vs. 3·7). There were no dropouts in the BF group.
Twenty participants experienced 38 falls (n = 11 AE group, n = 9 BF group). This rate of 3·8 falls/person•year is aligned with the 1·4-5·0 falls/person•year previously reported for communitydwelling stroke survivors (38) . There was no group difference in fall rate (negative binomial regression P = 0·24). Most incidents (n = 36, 95%) occurred outside of the exercise classes, where injuries were minor (cuts, bruises, scrapes, n = 6, 16%) to none (n = 29, 76%). Three subjects (8%) required medical attention; 1 individual was ultimately withdrawn from the study (described above). Only 1 participant experienced any falls during exercise classes (2 non-injurious falls occurred during separate BF classes while performing standing balance activities), but completed the program without further incident.
Post-program changes
The 3 participants who discontinued the study were deemed cases missing completely at random, thus complete-case analyses were used to examine post-program effects (n = 22 AE group, n = 25 BF group). Specific data points were missing for 6% of data due to inability to schedule appointments (n = 6), collect VO 2 data (n = 2: unable to tolerate sitting on cycle ergometer, gas calibration issues), and analyze select echocardiographic variables (n = 7). For these cases, the baseline score was carried forward to represent the post-training value. Table 2 , 3 and 4 displays pre-and post-program results. There were no changes in VO2peak in either group (time-group interaction effect P = 0·45) ( Table 2) , but right atrial emptying fraction increased in the AE group and decreased in the BF group (time-group interaction effect P = 0·04) ( Table 3 ). Both groups improved in 6MWT distance (time effect P = 0·02) ( Table 2) , and reduced total, LDL cholesterol and triglyceride levels, total:HDL cholesterol ratio, glucose and homocysteine levels (time effect all P < 0·03) ( Table 4 ). After controlling for age and sex, time-group interaction effects were significant for right atrial emptying fraction (P = 0·04), lateral tricuspid annular e' (P = 0·02), and triglyceride levels (P = 0·04).
Co-interventions that may have influenced the study results included: Midodrine therapy for management of orthostatic hypotension (n = 1 AE group), and attendance at diabetes lifestyle management sessions (no changes in medications) (n = 1 BF group). With these cases removed, post-hoc analyses revealed no changes in study results except changes in triglyceride levels and total: HDL cholesterol ratio were no longer significant for time effect (both P = 0·07).
Contrary to our hypotheses, there were no changes in VO 2peak in either group. We noted 7 AE group participants who were unable to progress in intensity (31·5% HRR, RPE 14·5), whereas the remaining 15 participants achieved 78·6% HRR and RPE 14·0.
Discussion
This study did not demonstrate hypothesized differences in the primary outcome, VO2peak, either between or within the intervention groups. There were also unanticipated improvements across both groups in several secondary outcomes (lipid, glucose and homocysteine levels, and ambulatory capacity). Results from this study provide the first echocardiographic evidence of improved cardiac function following exercise post-stroke. Highintensity aerobic exercise was effective in improving right atrial emptying fraction, a global index of right atrial function, and after controlling for age and sex, lateral tricuspid annular e', indicative of early myocardial relaxation. Right-sided cardiac function, particularly right ventricular function, is emerging as an important prognostic indicator in cardiovascular disease (39, 40) . These observed changes in right atrial function and ventricular relaxation may represent the earliest measurable improvement in subclinical cardiac function in this population.
While aerobic training is typically associated with left ventricular adaptation, findings in studies involving older adults, particularly those with underlying cardiovascular disease, have been equivocal. Post-exercise improvements in left ventricular endsystolic and -diastolic volume, ejection fraction have been reported for older adults with chronic heart failure (41) , and reduced left ventricular mass observed among those with mild to moderate hypertension (42) . In contrast, no changes were observed in left ventricular diastolic function in a study involving adults with untreated mild hypertension (43) . Interestingly, a study involving individuals with neuromotor impairment (incomplete spinal cord injury) demonstrated that robotic treadmill training increased ejection fraction and E/A ratio, and lowered left ventricular end-systolic and -diastolic volumes (44) . However, while younger subjects (mean age 51 y) free from underlying cardiovascular co-morbidities were included (44), Values are mean ± SD (min-max) or n (%). mean age in the current study was 65, and most had cardiovascular co-morbidities. Age-related changes in left-sided cardiac function (34) is further advanced in the presence of multiple cardiovascular risk factors and as such, reverse remodeling may take longer than the right side, given differences in chamber wall thickness and compliance. Thus, right-sided chambers may be more readily modifiable, and reversal of remodeling detectable earlier. To our knowledge, this is the first study to report exerciseinduced changes in right-sided function in a clinical population. Unexpectedly, improvements in plasma lipid, glucose and homocysteine levels were observed across the entire study cohort. Given the degree to which aerobic capacity is compromised after stroke (45) , activities in the BF program, although lower in intensity, may have provided sufficient cardiovascular challenge. An earlier study also demonstrated that both low-and moderateintensity exercise was effective in reducing triglyceride levels among individuals with stroke (12) . Moreover, there is some evidence that gentle, low-intensity physical activity interventions (46, 47) may have benefit to cardiovascular risk factors, but no study has compared these interventions to aerobic exercise. It is also possible that these improvements were a product of increased non-exercise physical activity (48) , an important consideration given that leisure-time physical activity is lowest in stroke compared to other chronic health groups (49) . Thus, even at low intensities, community exercise programs may have important health benefits for this compromised and highly sedentary group.
That we did not observe between-group changes in VO 2peak may be attributed to neurological sequelae that may confound exercise tests results (10) and variability in training intensities. Indeed, nearly 1/3 of the participants in this study were unable to progress in exercise intensity. The ability to achieve the necessary exercise targets is a realistic and ongoing challenge when working with individuals with stroke, given the presence of neurological impairments and broad range of functional abilities, but should not preclude these individuals from participating in exercise.
Limitations
Given the aim of this study was to examine the potential effects of post-stroke exercise on cardiovascular risk factors, a large number of outcomes were considered, including novel outcomes in cardiac function and hemodynamics not previously examined in this population. We did not adjust for multiple comparisons in the analyses of treatment effects. The sample size was powered based on anticipated change in VO 2peak, and not on the parameters in which significant changes were observed. To confirm that these benefits were not due to type 1 error, future research using these measures as primary outcomes may be warranted. Additionally, since a no-intervention arm was not included, we cannot conclude that the cardiovascular changes demonstrated by the entire cohort (lipid profiles, glucose and homocysteine levels) were not part of the natural course of stroke recovery. This is unlikely, however, especially since study participants were in the chronic stages of stroke, as health (1) and function (50) tend to worsen, not improve, in the long-term.
Conclusions
This study contributes novel findings regarding improved rightsided cardiac function with progressive aerobic exercise after stroke. It appears that even lower intensity exercise may benefit lipid profiles, glucose and homocysteine levels and ambulatory capacity in this compromised, at-risk group, possibly by increasing non-exercise physical activity levels. 
